African mole-rats are subterranean rodents that spend their whole life in underground burrow systems. They show a range of morphological and physiological adaptations to their ecotope, for instance severely reduced eyes and specialized somatosensory, olfactory, and auditory systems. These adaptations are also reflected in the accessory sensory pathways in the brain that process the input coming from the sensory organs. So far, a brain atlas was available only for the naked mole-rat (Heterocephalus glaber). The Ansell's mole-rat (Fukomys anselli) has been the subject of many investigations in various disciplines (ethology, sensory physiology, and anatomy) including magnetic orientation. It is therefore surprising that an atlas of the brain of this species was not available so far. Here, we present a comprehensive atlas of the Ansell's mole-rat brain based on Nissl and Klüver-Barrera stained sections. We identify and label 375 brain regions and discuss selected differences from the brain of the closely related naked mole-rat as well as from epigeic mammals (rat), with a particular focus on the auditory brainstem. This atlas can serve as a reference for future neuroanatomical investigations of subterranean mammals.
have a magnetic sense, most likely to aid navigation in the dark (Burda, Marhold, Westenberger, Wiltschko, & Wiltschko, 1990; Malewski et al., 2018; Oliveriusová, Němec, Králová, & Sedlá cek, 2012) .
Given the many physiological and sensory adaptions of African mole-rats, it is of interest to know how their brains differ from epigeic, that is, mostly surface-dwelling, rodent counterparts. Kruska and Steffen (2009) studied the gross anatomy and encephalization indices of brains of the genus Fukomys. Superficially, the brains look very much like other rodent brains and the encephalization index is similar to that of surface-dwelling rodents. Total neuron and glia cell numbers in African mole-rats conform to scaling rules established for other rodents (with the exception of the naked mole-rat, see below; Kverková et al., 2018) . Immunohistochemical analysis of the cholinergic, putative catecholaminergic, and serotoninergic neuron systems of two mole-rat species (Cryptomys hottentotus pretoriae, Bathyergus suillus) by Bhagwandin, Fuxe, Bennett, and Manger (2008) , concluded in line with former studies that their brains, in principle, exhibit the same complement of homologous nuclei as in other rodents. The central olfactory system is well-developed, the olfactory bulbs and olfactory allocortex are larger (relative to brain size) in mole-rats than in rats (Kruska & Steffen, 2009 ). The somatosensory cortex of the naked mole-rat is significantly enlarged, occupying most of the areas that are visual in epigeic rodents, with an over-representation of the incisors (Catania & Remple, 2002; Henry, Remple, O'Riain, & Catania, 2006) .
As a consequence, the visual cortex is small in bathyergid mole-rats and also the subcortical visual pathways show particularly strong deviations from those in other rodents. The optic nerve and optic chiasm are extremely thin (Kruska & Steffen, 2009; Němec et al., 2007) . The central areas involved in visual processing, such as the lateral geniculate body and the superficial layers of the superior colliculus are significantly reduced in bathyergid mole-rats compared to epigeic rodents (Němec et al., 2008; . Strong neuronal activation (c-fos labeling) in the retina, suprachiasmatic nucleus, lateral geniculate body, olivary pretectal nucleus, retrosplenial cortex, and visual cortex in animals exposed to light for 1 hr, however, demonstrated that the visual system is functional (Oelschläger, Nakamura, Herzog, & Burda, 2000) . This has been confirmed in behavioral experiments (Kott et al., 2016; Wegner et al., 2006a) . C-fos labeling has also provided seminal evidence for a mole-rat magnetic sense by showing that changing magnetic fields activate areas of the superior colliculus and the rodent navigation circuit (Burger et al., 2010; Němec, Altmann, Marhold, Burda, & Oelschläger, 2001) . The brains of African mole-rats are further interesting with respect to the complexity of sociality in these animals (Kverková et al., 2018) . Since the social systems occurring in this rodent family span the full range from strictly solitary (i.e. only one individual inhabits a burrow system outside of the mating season) to eusocial, a unique platform to study the neural correlates of social behavior and brain evolution is provided. Expression patterns of oxytocin receptors, vasopressin and its receptors, corticotropin-releasing factors as well as markers of adult neurogenesis have been related to sociality, social ranks, and mating systems (Amrein et al., 2014; Coen et al., 2015; Kalamatianos et al., 2010; Peragine, Simpson, Mooney, Lovern, & Holmes, 2014; Rosen, De Vries, Goldman, Goldman, & Forger, 2007; Valesky, Burda, Kaufmann, & Oelschläger, 2012) .
Given the number of neuroanatomical studies in different molerat species and their significance for the understanding of mammalian adaptation to the subterranean habitat it is astonishing that only a single anatomical atlas of a mole-rat brain was available until now (Xiao, Levitt, & Buffenstein, 2006) . Previous investigators of mole-rat brains had to rely on the brain atlas of the naked mole-rat (Xiao et al., 2006) in combination with atlases of the laboratory mouse (Paxinos, 2013) and the laboratory rat (Paxinos & Watson, 2013; Swanson, 2004) .
While the naked mole-rat probably is the most popular and most intensively studied mole-rat species (Sherman, Jarvis, & Alexander, 2017) , it shows several traits not shared by its closest relatives, such as an extreme litter size, furlessness and poikilothermy (Kock, Ingram, Frabotta, Honeycutt, & Burda, 2006) . Indeed, this species is so distinct from other African mole-rats that it has recently been proposed to constitute its own rodent family, Heterocephalidae (Patterson & Upham, 2014) . Furthermore, the brain of the naked mole-rat has been shown to differ from other African mole-rat brains and general rodent brain scaling rules in that it is relatively smaller and has fewer neurons than expected for a rodent of its body size (Kverková et al., 2018) . It is therefore likely that the naked mole-rat brain is not representative for subterranean mammals. The extent to which the neuroanatomy of the naked mole-rat differs from that of other subterranean rodents has not been investigated mainly because studies on brain anatomy of other mole-rats are scarce.
About half of the African mole-rat species belong to the genus Fukomys. Within this genus, one of the most studied species is the Ansell's mole-rat Fukomys anselli (previously called Cryptomys anselli, Kock et al., 2006) . The Ansell's mole-rat is a medium-sized (50-120 g) mole-rat endemic to Zambia that digs large and highly complex underground tunnel systems of up to 2.8 km length (Šklíba et al., 2012) . It is eusocial and lives in small family groups of about 10-15 animals composed of a single breeding pair and its nonreproductive offspring (Patzenhauerová, Šklíba, Bryja, & Šumbera, 2013) . The animals feed on plant tubers and roots and only rarely leave their burrow system (Scharff & Grütjen, 1997) . With an average life expectancy of 7-8 years, the animals are extremely long-lived (with a thus far recorded maximum life span of nearly 20 years) for a rodent of their body size and they show a unique bimodal aging pattern with reproductive animals aging considerably slower than nonbreeders (Dammann & Burda, 2006) . The Ansell's mole-rat has been studied for many decades as a paradigm for sensory and ecophysiological adaptations to the underground environment, the evolution of social systems, and animal navigation (reviewed in Begall et al., 2007) . Notably, it was the first mammal for which a magnetic compass sense was convincingly proven and characterized (Burda, Marhold, et al., 1990; Burger et al., 2010; Marhold, Burda, Kreilos, & Wiltschko, 1997; Němec et al., 2001; Thalau, Ritz, Burda, Wegner, & Wiltschko, 2006; Wegner, Begall, & Burda, 2006b ).
Here, we present a comprehensive atlas of the brain of Fukomys anselli based on Nissl and Klüver-Barrera stained sections. We identified and labeled 375 brain regions and discuss some similarities to and differences from those of other subterranean and epigeic rodents including the rat. This atlas can serve as a reference guide for future neuroanatomical and physiological studies of mole-rat brains.
| MATERIALS AND METHODS
This atlas is based on serial brain sections of altogether 17 individuals of Ansell's mole-rat. Table 1 gives an overview of the Ansell's mole-rat histological material used in this study. The animals were deeply anes- We decided to show paraffin sections because their histological quality is superior to that of cryo-sections. Tissue shrinkage, however, is higher in paraffin sections which must be kept in mind when taking absolute measurements from the atlas plates presented. The plates are not fitted into a stereotaxic framework because all the slides mainly served for identification and interpretation of many Ansell's mole-rat brain structures investigated in several publications, for example, on the magnetic orientation of these animals (Burger et al., 2010; Němec et al., 2001 ).
To prepare the atlas plates, the serial sections of the two Ansell's mole-rat individuals C25 and C26 were scanned at 200× magnification with a microscopic slide scanner (Leica Aperio AT Turbo). The sections were aligned and optimized for tones and brightness in Photoshop (CC2017, Adobe) before they were reduced to 15% of their original size for the final 300 dpi plates. The identification of brain regions in the Ansell's mole-rat was based on detailed comparisons to rat brain sections along with a rat brain atlas (Paxinos & Watson, 2013) , a mouse brain atlas (Paxinos, 2013) , and a naked mole-rat brain atlas (Xiao et al., 2006) . Cortical areas were identified based on cytoarchitecture.
For labeling of the anatomical structures, the principle of Paxinos and co-workers (Paxinos, 2013; Paxinos & Watson, 2013) was used.
Lowercase letters indicate fiber tracts, white matter, recesses, and ventricles, while uppercase letters indicate nuclei and cortex (gray net/images/?page=images&selectionType=collectionandselectionId= 166). A high-quality PDF will be provided by the authors upon request.
All major brain areas typical for rodents are found in the Ansell's mole-rat, in total we identified 375 different structures ( Figure 4 , Table 2 and online plates). Because no electrophysiological data are available for Ansell's mole-rats, we only annotated neocortical areas that were clearly identifiable based on cytoarchitecture. Whereas, in general, the shape and size of the brain structures in the Ansell's mole-rat are similar to other rodents, their topography is often rather different. This is reflected in the number of sections in the rat brain atlas (Paxinos & Watson, 2013 ) that had to be consulted in order to identify and denominate the brain regions found on single brain sections of the Ansell's mole-rat. The rat-to-mole-rat ratios (calculated for each Ansell's mole-rat brain section) varied between 1:1 and 45:1 and were particularly high in the midbrain region. In part, this can be attributed to some deviation of the sectional angle in the rat and mole-rat brains. The marked structural differences in the topography of brain structures in the two species, however, emphasize the necessity for and value of a brain atlas for the Ansell's mole-rat.
Remarkable characteristics in the brain of the Ansell's mole-rat were found in the thalamus. The oval paracentral (OPC) as well as the paracentral thalamic nucleus (PC) were much more prominent in the Ansell's mole-rat (plate 620) than in the rat. Not much is known about the function of these nuclei but together with other intralaminar thalamic nuclei they are thought to be involved in processes related to awareness and arousal (Binder, Hirokawa, & Windhorst, 2009 ). The OPC has further been shown to receive noxious input from the masseter muscle, which is extremely well-developed in African mole-rats and provides them with one of the strongest bite forces (relative to body mass) in the animal kingdom (Cox & Faulkes, 2014; Sugiyo, Takemura, Dubner, & Ren, 2006; Van Daele, Herrel, & Adriaens, 2008) .
The lateral reticular nucleus in the medulla oblongata (LRt, plates 1,000-1,100) had both a larger rostrocaudal extension and a higher neuron density in the Ansell's mole-rat than in the rat. This nucleus is involved in locomotor-respiratory coordination (Ezure & Tanaka, 1997) and its larger size in the Ansell's mole-rat might be related to the specific respiratory conditions underground. Interestingly, the average respiratory rate of 36 breaths per minute in sleeping (not anesthetized) Ansell's mole-rats is very low for a rodent of their size (Garcia Montero, Burda, & Begall, 2015) . We were not able to identify the paratrigeminal nucleus in the Ansell's mole-rat, a brain area involved in the integration of somatosensory reflexes related to nociceptive, respiratory, and cardiovascular mechanisms (Caous, de Sousa Buck, & Lindsey, 2001 ). This nucleus was also not demonstrated in the naked mole-rat (Xiao et al., 2006) , a species for which reduced pain sensitivity has been reported Park et al., 2008) .
The central auditory pathway of Ansell's mole-rats can be expected to show specific features because the hearing range is restricted to low frequencies and absolute sensitivities are rather low (Brückmann & Burda, 1997; Gerhardt et al., 2017) . The hearing range comprises frequencies between 0.1 and 13 kHz and the cochlea is highly specialized in the Ansell's mole-rat (Gerhardt et al., 2017; Müller & Burda, 1989) . Whereas there are more turns of the cochlea in this underground-dwelling species and the basilar membrane is slightly longer than in the rat, the overall spiral ganglion cell density is much lower (Müller, Laube, Burda, & Bruns, 1992 ) and half of the cochlea is part of an acoustic fovea dedicated to the analysis of a narrow frequency band between 0.6 and 1 kHz. Taken together, these data indicate that the Ansell's mole-rat is anatomically adapted to low-frequency hearing in tunnels where these frequencies are found to propagate most efficiently (Heth, Frankenberg, & Nevo, 1986; Lange et al., 2007) . Furthermore, sound localization is expected to be rather poor in strictly subterranean rodents as having been demonstrated for the naked mole-rat (Heterocephalus glaber; Heffner & Heffner, 1993) , the blind mole rat (Spalax ehrenbergi; Heffner & Heffner, 1992) and the pocket gopher (Geomys bursarius; Heffner & Heffner, 1990) .
How is this specialization in hearing reflected in the central ascending auditory pathway of the Ansell's mole-rat? In the blind mole rat, the pocket gopher and in the naked mole-rat all nuclei typical for the mammalian auditory pathway are present (Bronchti, Heil, Scheich, & Wollberg, 1989; Glendenning & Masterton, 1998; Heffner & Heffner, 1990 , 1993 , and the same is true for the Ansell's mole-rat. We did observe some features in nuclei of the auditory brainstem in the Ansell's mole-rat that might be related to a subterranean lifestyle and to low frequency hearing. The cochlear nucleus of Ansell's mole-rat, as the first central area receiving auditory information (plates 820-940), has a specialized dorsal subnucleus (DCN). In terrestrial mammals, the DCN is likely involved in the assessment and/or elimination of auditory "artifacts" caused by positional changes of the pinnae of an animal toward a sound source (Young & Davis, 2002; Oelschläger, 2008; Cozzi, Huggenberger, & Oelschläger, 2016, p. 286 for more information). Animals lacking moveable pinnae such as dolphins and seals tend to have a small DCN while it is prominent in cats, epigeic rodents, and bats (see Malkemper, Oelschläger, & Huggenberger, 2012) . Although the Ansell's mole-rat lacks pinnae, the DCN is rather well-developed. While being less laminated than in the rat, the DCN of the Ansell's mole-rat is characterized by a thickened molecular layer (DCMo, plate 940, Figure 3 ) and an enlarged granular layer (GrC, plate 920). A prominent DCN has also been reported for the tunnel-dwelling mountain beaver (Aplodontia rufa) and the (Continues) (Continues) subterranean pocket gopher (Godfrey et al., 2016) . In these species, the DCN amounts to more than 60% (pocket gopher) or almost 90%
(mountain beaver) of the total cochlear nucleus volume (cat: 35%; Osen, 1969) . Godfrey et al. (2016) interpreted these features of the DCN as possible adaptations facilitating the integration of somatosensory and auditory stimuli in the underground habitat which is in line with the interpretation of the dorsal cochlear nucleus in mammals, generally (see also Malmierca, 2015) . The granule cells of the DCN receive direct input from many sources including the trigeminal somatosensory system and this information is likely processed in the molecular layer (Young & Davis, 2002) . These layers in the Ansell's mole-rat might fulfill a similar function which is likely related to the somatosensory system but unrelated to pinna movements and sound localization. Godfrey et al. (2016) were puzzled by the fact that the naked-mole rat DCN did not show the "hypertrophic" features seen in other tunnel-dwelling rodents like the mountain beaver or the pocket gopher but resembled more the DCN of epigeic species. It did not show thickened molecular and granular layers and the relative size of the naked mole-rat DCN was similar to the DCN of the cat. They discussed the special situation in the naked mole-rat as a possible consequence of the social life-style of this species. Our data, however, do not support this idea because the Ansell's mole-rat also lives in social groups and its DCN shows the above-mentioned "hypertrophic" situation. We speculate that the pronounced granular and molecular regions of the DCN in the Ansell's mole-rat indeed may reflect an adaptation to the underground habitat and that the naked mole-rat is an exception that shows signs of "degeneration" in its central auditory pathway as already proposed for the auditory periphery (Mason, Cornwall, & Smith, 2016) . Neuroanatomical studies of more subterranean species will hopefully test this hypothesis.
Another nucleus of the auditory brainstem that shows features of low-frequency adaptations in the Ansell's mole-rat is the superior olive. The medial superior olive (MSO, plates 840-880), which is involved in the localization of low-frequency sounds in other mammals (Grothe, Pecka, & McAlpine, 2010) , appears more differentiated in the Ansell's mole-rat than the lateral superior olive (LSO, plates 820-860) which is responsible for high frequency sound localization (Grothe et al., 2010) . The LSO has also been reported as poorly differentiated in the blind mole rat (Bronchti et al., 1989) and as indistinct in the naked mole-rat (Heffner & Heffner, 1993 ; but see Gessele,
Garcia-Pino, Omerbaši c, Park, & Koch, 2016) . Interestingly, all nuclei of the naked mole-rat's binaural auditory brainstem lack HCN1 channels that are necessary for fast integration times of interaural intensity differences which might explain the poor sound localization (Gessele et al., 2016) . Collectively, the auditory pathway of the Ansell's molerat shows features found in other subterranean rodents that might represent adaptations to burrow acoustics. It must be noted here, however, that we present qualitative observations that should be quantitatively tested in further studies.
To summarize, we present an atlas that gives a good overview on brain organization in the Ansell's mole-rat together with many details needed for successful experimental neuroanatomical and physiological work in this species. The atlas can also serve as a basis and back-
